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Some Context...
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HW bottleneck is
here. Controllers

can manage only
4.6 Gbyte/sec.

Peak I/O system
bandwidth is
78.2 Gbyte/sec.
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Architectural diagram of the 557 TFlop IBM Blue Gene/P system at the Argonne Leadership Computing Facility.
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The HPC 1I/0 Software Stack

High-Level 1/0 Library
maps application abstractions
onto storage abstractions

and provides data portability.

HDFS5, Parallel netCDF, ADIOS

1/0 Forwarding
bridges between app. tasks
and storage system and
provides aggregation for
uncoordinated I/O.
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1/0 Middleware
organizes accesses from
many processes,
especially those using
collective 1/O.

MPI-IO

Parallel File System
maintains logical space
and provides efficient
access to data.

PVFS, PanFS, GPFS, Lustre

Computational science applications are benefitting from a collection of
additional software, built by the community, that is helping to extend
the useful lifetime of the current HPC storage system approach. The
Mathematics and Computer Science Division at Argonne develops and
supports many of these components.



Widely Used I/0 Software Developed at Argonne

Parallel Virtual File System (PVFS). A production-grade parallel file system for
use in leadership computing systems and as basis for further PFS research.

= Collaboration with Clemson University.
= Sam Lang, Phil Carns, Rob Latham, Seung Woo Son.

ROMIO MPI-I0 implementation. A portable, production-grade MPI-IO
implementation for use in MPI applications on the widest possible variety of
environments and as the basis for further research in MPI-10.

= Collaboration with Northwestern University.
= Rob Latham (Technical Lead), Dries Kimpe, Rob Ross, Rajeev Thakur.

Parallel netCDF (PnetCDF) high-level 1/0 library. An efficient interface for
concurrent access to netCDF format datasets for highly parallel applications.

= Collaboration with Northwestern University.

= Rob Latham (Technical Lead), Dries Kimpe, Rajeev Thakur, Rob Ross.



The Parallel Virtual File System



The PVFS Parallel File System

/astro
HO1 HO5 HO6
a0 prot04.seq protl7.seq 105 105 10S 10S
HO3
HO4 astro HO1 e HOS J—=
chkpt32.nc HO3 /pfs HO6 /bio

An example parallel file system, with large astrophysics checkpoints distributed across multiple 1/O servers
(10S) while small bioinformatics files are each stored on a single |10S.

= Work in collaboration with Clemson University

= Building block for HPC I/O systems
— Present storage as a single, logical storage unit
— Stripe files across disks and nodes for performance
— Tolerate failures (in conjunction with other HW/SW)
= Linux kernel support, genesis as a Beowulf computing file system
= User interface is POSIX file I/O interface, with optional MPI-IO access



Industry use of PVFS: Acxiom Corporation

“...the world's largest processor

of consumer data ...~ Aqm

- Fortune magaZine EDISCOVER YOUR POTENTIAL™

Multi-national (US, UK, France, Australia,
Japan)

Houses data and runs analytics
applications for financial and other large
businesses

— Compute and data intensive
— 24/7 operation
— Highly-available, redundant resources

— 7000+ compute nodes deployed in
widely distributed environment




PVFS Performance

Effective BW out of storage racks limited by
scheduling and pipelining.

Aggregate Bandwidth (GiB/sec)
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PVFS Availability and Support

= Source available under LGPL (and GPL for kernel components) license
http://www.pvfs.org

= Active mailing lists for users and developers, community support
=  Clemson University has taken over technical lead in last 6 months

— Their “OrangeFS” version has option for commercial support
http://www.omnibond.com/orangefs/index.html

— “OrangeFS” is PVFS, and their version will be the trunk in the near future



The ROMIO MPI-IO Library



The ROMIO MPI-IO Library

= Collaboration with Northwestern University and others
= ROMIO is a portable implementation of the I/O portion of the Message
Passing Interface standard (MPI-10)

— Can be thought of as a transformation layer between an MPI application (or
higher-level libraries) and the parallel file system

— Goal of transformations is to improve performance by reducing number of
operations to the file system, align accesses, etc.

— Could be a place to manage on-node parallelism (hasn’t been addressed yet)
= Origins in the days of Intel Paragons, etc., but adapted to newest systems
=  Part of the MPICH2 MPI implementation

" |Integrated into products from Cray, IBM, SGI, Intel, and others
— ...and many of these vendors contribute back to the source tree!
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MPI-10 Optimizations at Work

Graph shows aggregate bandwidth for
simulated checkpointing from a 800 Lock Aligned
combustion application (S3D) on Default — 0
the Mercury system at NCSA, using 700 Persistent. —=5—
GPFS and collective MPI-I0O write.

o
o
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Significant gains are had by aligning
accesses with the granularity of locks.
Interestingly, the “persistent”
optimization is most effective on Lustre
volumes because of differences in how
locks are managed.

Aggregate Bandwidth (Mbytes/sec)

These types of improvements make 100 ' | ' | | |
concurrently writing feasible at scale, 8 & 32 64 128 256 512
which is critical for checkpointing.

Number of Processes

W.-K. Liao and A. Choudhary, “Dynamically adapting file domain partitioning methods for collective I/0O based
on underlying parallel file system locking protocols,” SC2008.
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ROMIO Availability and Support

= Source available under BSD-like license (approved by IBM, Intel, Microsoft,
etc.)

— Best obtained as part of MPICH2

http://www.mcs.anl.eov/mpich?2

= Mailing list for users and support, but typically support is provided by the
system vendor (e.g., IBM)
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Parallel netCDF



The Parallel netCDF (PnetCDF) High-Level I/0
Library

= Work in collaboration with Northwestern University

= Based on original “Network Common Data Format” (netCDF) work from
Unidata

- Derived from their source code
= Data Model:
- Collection of variables in single file
- Typed, multidimensional array variables
- Attributes on file and variables

= Retains the file format used by many climate and weather codes, as well
as other HPC applications

= Newest of these three projects
= Developed in early 2000s as part of SciDAC-1 effort
= Addressed critical needs in climate science
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High-level I/0 Libraries and Productivity

Application Data Structures netCDF File "checkpoint07.nc"
Variable "temp” { netCDF header describes
Double temp type = NC_DOUBLE, _
dims = {1024, 1024, 26}, the contents of the file:
start offset = 65536, __ typed, multi-dimensional
____________ attributes = {"Units" = "K"}} variables and attributes
St on variables or the dataset
P | Variable "surface_pressure" { itself
2 | |V type = NC_FLOAT, et
------------ ¢ Q dims = {512, 512},
a start offset = 218103808,
1024 g attributes = {"Units" = "Pa"}}
) . .
Float surface_pressure o < Data for "temp" > Data for variables is stored
512 in contiguous blocks,
— — encoded in a portable binary
format according to the
}/512 < Data for "surface_pressure" > variable's type.

V//\//

High-level 1/0 libraries help application scientists map their data into
storage abstractions. Secondarily, they (hopefully) perform this mapping in
an efficient manner, such as padding data to appropriate boundaries.
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PnetCDF Availability and Support

= Source available under BSD-like license
http://www.mcs.anl.gov/projects/parallel-netcdf

= Active support mailing list

= Portable across Linux, Cray, IBM, etc. platforms
— Relies on MPI-10 for I/O accesses
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In Summary...

Active community effort in developing and supporting tools for I/O in HPC
systems

Argonne is a participant in three such efforts:

— Parallel Virtual File System (PVFS). A production-grade parallel file system for
use in leadership computing systems and as basis for further PFS research.

— ROMIO MPI-IO implementation. A portable, production-grade MPI-IO
implementation for use in MPI applications on the widest possible variety of
environments and as the basis for further research in MPI-IO.

— Parallel netCDF (PnetCDF) high-level 1/0 library. An efficient interface for
concurrent access to netCDF format datasets for highly parallel applications.

= All these products are used in production at large scale today, freely
available, with limited support infrastructure

= Happy to see adoption by industry partners, especially if they contribute
bug fixes back to us
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